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HIGHLIGHTS 


•  Nano-scale  and  symmetrical  SrFe0.75Moo.2503_<5  electrodes  were  developed. 

•  A  total  polarization  resistance  of  0.26  Q  cm2  was  achieved  at  800  °C. 

•  Symmetrical  fuel  cells  yielded  0.97  W  crrr2  in  H2  and  0.39  W  cm  2  in  C8Hi8  at  800  °C. 
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Here  we  report  nominally  symmetrical  solid  oxide  fuel  cells  that  feature  thin  Lao.9Sro.1Gao.8Mgo.2O3 
_,5  (LSGM)  electrolytes  and  impregnated  SrFeojsMoo^sOs-d  (SFMO)— LSGM  composite  electrodes.  Oper¬ 
ation  on  hydrogen  fuels  and  air  oxidants  can  produce  maximum  power  densities  of  0.39  W  cm-2  at 
650  °C  and  0.97  W  cm-2  at  800  °C.  Impedance  measurements  indicate  that  the  anode  and  the  cathode 
polarizations  are  0.22  and  0.04  Q  cm2  at  800  °C,  respectively.  Hydrogen  partial  pressure  and  temperature 
dependence  of  impedance  data  in  humidified  hydrogen  shows  that  hydrogen  oxidation  kinetics  is  largely 
determined  by  hydrogen  adsorption  on  the  SFMO  catalysts  at  high  temperatures  and  charge  transfer 
reactions  along  the  SFMO  |  LSGM  interfaces  at  low  temperatures.  Carbon  tolerance  of  the  present  fuel  cells 
is  also  examined  in  iso- octane  fuels  balanced  by  nitrogen  at  800  °C  that  yields  stable  maximum  power 
densities  of  0.39  W  cm-2. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  current  state-of-the-art  solid  oxide  fuel  cell  (SOFC)  typically 
consists  of  a  dense  yttria-stabilized  zirconia  (YSZ)  electrolyte 
asymmetrically  sandwiched  between  a  Ni— YSZ  cermet  anode  and  a 
strontium  lanthanum  manganite  (LSM)  cathode,  which  are 
respectively  exposed  to  a  reducing  and  oxidizing  atmosphere  [1,2]. 
Recently,  a  novel  symmetrical  solid  oxide  fuel  cell,  where  the  same 
material  is  simultaneously  used  as  the  anode  and  the  cathode,  has 
gained  increasing  interest  due  to  a  number  of  attractive  advantages 
over  the  common  asymmetrical  counterpart  —  such  as  simplified 
fabrication  procedure,  reduced  processing  costs,  minimized 
compatibility  issues,  high  redox  stability  as  well  as  enhanced 
tolerance  of  the  anode  toward  coking  formation  and  sulphur 
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poisoning  [3].  The  very  different  environments  for  the  anode  and 
the  cathode  pose  rather  restrictive  requirements  on  the  material  as 
the  symmetrical  fuel  cell  electrode,  including  structural  stability 
and  acceptable  electrical  conductivity  at  the  operating  temperature 
in  both  oxidizing  and  reducing  conditions  as  well  as  reasonably 
high  electrochemical  activities  for  oxygen  reduction  and  fuel 
oxidation  reactions  [3]. 

Up  to  date,  only  a  very  limited  number  of  materials  can  fulfil 
almost  all  the  conditions  required  for  a  symmetrical  electrode,  and 
most  efforts  have  been  focused  upon  perovskite  oxides  due  to  their 
wide  tunability  in  their  electronic  and  oxide  ion  transport  behav¬ 
iour,  surface  chemistry  and  catalytic  property,  as  well  as  chemical 
and  structural  stability  in  both  the  oxidizing  and  reducing  atmo¬ 
spheres  [3,4].  (Sr,  Ca)-doped  LaCr03  perovskite  oxides  were 
explored  as  the  symmetrical  electrode  materials  due  to  their  well- 
known  stability  and  acceptable  electrical  conductivities  in  both 
atmospheres  demonstrated  as  the  conventional  interconnecting 
materials  [5,6].  For  example,  Sfeir  et  al.  reported  a  combined  anode 
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and  cathode  polarization  resistance  of  0.80  Q  cm2  and  a  maximum 
power  density  of  ~0.11  W  cm-2  at  950  °C  for  fuel  cells  with  thick 
YSZ  electrolytes  and  symmetrical  LaojCaf^CrC^^  electrodes, 
operating  on  hydrogen  fuels  and  air  oxidants.  Nevertheless,  the 
catalytic  activity  of  the  LaojCaf^CrC^  electrode  for  methane 
oxidation  was  very  poor,  producing  very  low  power  densities  of 
0.025  W  cnrr2  at  950  °C  [7].  In  order  to  enhance  the  catalytic  ac¬ 
tivity  of  these  chromites  for  fuel  oxidation  reactions,  Cr  was  partly 
substituted  by  Mn  and  maximum  power  densities  as  high  as  0.30 
and  0.23  W  cm-2  were  obtained  respectively  in  humidified 
hydrogen  and  methane  fuels  for  the  resulting  symmetrical 
Lao.75Sr0.25Cro.5Mn0.503_5  electrode  fuel  cells  at  900  °C  [8]. 

Mo-doped  SrFe03  perovskite  oxides  exhibited  good  stability  and 
high  electrical  conductivities  in  both  oxidizing  and  reducing  con¬ 
ditions,  and  power  densities  of  0.83  and  0.23  W  cm-2  were  ach¬ 
ieved  at  900  °C  for  electrolyte-supported,  symmetrical 
SrFeo.75Moo.2503_,5  (SFMO)  electrode  fuel  cells  in  hydrogen  and 
methane  fuels,  respectively  [9].  Nevertheless,  the  power  densities 
for  such  fuel  cells  became  prohibitively  small  at  reduced  temper¬ 
atures  due  to  drastically  increased  polarization  resistances  for  the 
micron-scale  SFMO  electrodes  in  addition  to  unacceptably  large 
ohmic  resistances  for  thick  electrolytes  [9].  Recently,  We  demon¬ 
strated  that  nano-scale  SFMO  coatings  deposited  via  the  liquid 
phase  infiltration  technique  onto  the  internal  surfaces  of  the  porous 
LSGM  backbones  exhibited  much  smaller  polarization  resistances 
in  air  than  the  micron-scale  SFMO  catalysts,  e.g.,  0.04  O  cm2  for  the 
former  versus  0.11  Q  cm2  for  the  latter  at  800  °C  [10].  We  also 
showed  that  reduced  SFMO  consisted  predominantly  of 
SrFeo.675Mc>o.32503_<5  perovskite  oxides  and  a  small  portion  of 
metallic  Fe  that  did  not  increase  continuously  with  extended 
exposure  to  hydrogen  at  800  °C  [11].  In  the  present  paper,  the 
electrochemical  characteristics  of  the  nominally  symmetrical  SFMO 
electrodes  and  thin  LSGM  electrolyte  fuel  cells  were  evaluated  over 
the  temperature  regime  of  650-800  °C.  The  catalytic  activities  of 
the  nano-scale  SFMO— LSGM  composites  for  hydrogen  oxidation 
reactions  were  investigated  in  detail,  and  the  tolerance  of  the 
reduced  SFMO  oxides  in  iso- octane  fuels  was  also  explored. 

2.  Experimental 

Symmetrical  fuel  cells  with  thin  LSGM  electrolytes  were  fabri¬ 
cated  by  first  preparing  porous  |  dense |  porous  LSGM  tri-layers, 
which  were  produced  by  laminating  three  tape-cast  ceramic 
green  tapes,  with  40  wt%  starch  filler  used  as  the  fugitive  material 
for  the  two  porous  layers.  The  laminated  green  tapes  were  co-fired 
at  1400  °C  to  produce  the  final  ceramic  structures.  The  addition  of 
the  electrode  catalysts,  SrFeo.75Moo.25O3  (SFMO),  was  the  next  step 
in  the  fuel  cell  fabrication  procedure.  An  aqueous  solution  con¬ 
taining  Sr(N03)2,  Fe(N03)3-9Fl20,  (NH4)6Mo7024-4H20  and  citric 
acid  in  a  molar  ratio  of  1:0.75:0.0357:2  was  impregnated  into  the 
porous  LSGM  backbones  and  dried,  followed  by  calcinations  at 
850  °C  for  2  h.  The  ultimate  loadings  of  the  infiltrated  catalysts  in 
the  porous  LSGM  layers  were  controlled  by  varying  the  number  of 
impregnation/firing  cycles. 

The  symmetrical  fuel  cells  were  tested  using  a  standard  geom¬ 
etry  at  temperatures  from  650  °C  to  800  °C.  Current- voltage  curves 
and  electrochemical  impedance  spectra  were  obtained  using  an 
IM6  Electrochemical  Workstation  (ZAFINER,  Germany)  with  the 
cathode  exposed  to  dry  air  at  100  seem  and  the  anode  to  humidified 
(3%  H20)  hydrogen  at  100  seem,  or  iso- octane  bubbled  at  25  °C  by 
nitrogen  at  varied  flow  rates  that  produces  a  mixture  of  6%  CgHig— 
94%  N2.  The  individual  electrode  polarization  resistances  were 
determined  by  testing  such  symmetrical  fuel  cells  in  dry  air  for  the 
cathode  polarization  resistances  and  in  humidified  (3%  H20) 
hydrogen  for  the  anode  polarization  resistances.  The  impedance 


data  were  recorded  with  a  perturbation  voltage  of  20  mV  over  the 
frequency  range  0.1  Hz-100  kHz.  The  cell  structure  was  examined 
after  testing  using  scanning  electron  microscopy  (SEM)  in  a  Hitachi 
S-4800-II  microscope. 

3.  Results  and  discussion 

Fig.  la  shows  an  SEM  micrograph  of  symmetrical  fuel  cells, 
which  were  developed  on  the  basis  of  an  LSGM  tri-layer  —  ~  15  pm 
thick  dense  layer  sandwiched  between  two  150  pm  thick  porous 
layers.  The  porous  LSGM  backbones  had  a  median  pore  size  of  3  pm 
and  an  apparent  porosity  of  -45%  as  measured  by  the  Archimedes’ 
method.  Fig.  lb  shows  a  higher-magnification  micrograph  of  the 
impregnated  composite  electrodes  as  synthesized  at  850  °C  in  air, 
showing  that  the  average  particle  size  was  ~  70  nm.  Higher  calci¬ 
nation  temperatures  above  850  °C  were  not  pursued  due  to 
increased  particle  size  and  reduced  surface  area  available  for  elec¬ 
trochemical  reactions  [10].  As  observed  previously,  these  infiltrate 
coatings  consisted  predominantly  of  SrFeo.7sMoo.2503-5  with  minor 
SrMo04  in  air  and  of  SrFe0.675Mo0.325O3_5  with  minor  metallic  Fe  in 
hydrogen  [10,11].  Fig.  lb  also  shows  that  a  solid  loading  of  25% 
relative  to  the  porous  LSGM  backbone  was  sufficient  to  form  well- 
interconnect  coatings,  which  is  critically  important  to  reducing  the 
ohmic  contributions  of  the  porous  LSGM  backbones  to  the  overall 
cell  resistances. 


SICCAS  3.0kV  8.0mm  xl.OOk  SE(U.LAO) . 50.0um 


Fig.  1.  Cross-sectional  SEM  images  showing  a  symmetrical  and  thin  LSGM  electrolyte 
fuel  cell:  (a)  a  low  magnification  survey  image  and  (b)  a  higher  magnification  view  of 
the  electrode. 
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Electrochemical  measurements  were  performed  on  the  nomi¬ 
nally  symmetrical  fuel  cells  with  humidified  hydrogen  fuels  and  dry 
air  oxidants  at  650-800  °C.  Fig.  2a  shows  typical  cell  voltages  (V) 
and  power  densities  (P)  as  a  function  of  current  densities  (J).  The 
open  circuit  voltage  (OCV)  values  ranged  between  1.061  and 
1.095  V,  and  were  approximately  50  mV  smaller  than  the  calculated 
Nernst  potentials  due  to  slight  leakage  through  the  ceramic  sealing 
as  previously  observed  [12].  The  maximum  power  densities 
measured  were  0.97,  0.85,  0.60  and  0.39  W  cm-2  at  800,  750,  700 
and  650  °C,  respectively.  These  results  compare  very  favourably 
with  prior  symmetrical  fuel  cells  that  usually  required  operating 
temperatures  above  850  °C  so  as  to  deliver  reasonably  high  power 
densities,  e.g.,  0.64  W  cnrT2  at  850  °C  for  265  pm  thick  LSGM 
electrolyte  fuel  cells  with  symmetrical  micron-scale  SFMO  elec¬ 
trodes  [9],  0.55  W  cm-2  at  950  °C  for  250  pm  thick  YSZ  electrolyte 
fuel  cells  with  symmetrical  LSCM-YSZ  electrodes  [13],  or 
0.31  W  cm-2  at  900  °C  for  300  pm  thick  scandium-stabilized  zir- 
conia  electrolyte  fuel  cells  with  symmetrical  La0.8Sr0.2Sc0.2 
Mno.803_,5  electrodes  [14].  Note  that  the  J—V  curves  in  Fig.  2  show 
some  evidence  of  concentration  polarization  at  high  current  den¬ 
sities,  especially  at  high  temperatures.  This  indicates  that  the 
relatively  low  porosity  (typically  <30%)  of  the  LSGM  backbones 
after  SFMO  impregnation  might  be  limiting  the  fuel  cell  perfor¬ 
mance.  Therefore,  the  present  symmetrical  fuel  cells  have  poten¬ 
tials  for  further  improvement  by  tailoring  the  pore  structure  and 
increasing  the  porosity  of  the  LSGM  backbones. 

Fig.  2b  shows  Nyquist  plots  of  impedance  data  obtained  at  open 
circuits  for  the  present  nominally  symmetrical  fuel  cells,  where  two 
depressed  arcs  were  observed  at  all  temperatures.  The  higher- 
frequency  arc  increased  exponentially  with  decreasing  tempera¬ 
ture,  as  typically  observed  for  charge  transfer  reactions  or  surface 
diffusions.  In  contrast,  the  lower-frequency  arc  remained  almost 
independent  of  temperature,  which  was  probably  associated  with 
gas  transport  within  the  porous  structure  or  gas  adsorption  on  the 
catalyst  surface.  The  combined  anode  and  cathode  interfacial  po¬ 
larization  resistances,  taken  as  the  overall  widths  of  depressed  arcs, 


Current  density  (A/cm2) 


Fig.  2.  (a)  Voltage  and  power  density  versus  current  density  for  a  symmetrical  fuel  cell 
measured  in  humidified  hydrogen  fuel  and  dry  air  at  100  seem  over  the  temperature 
range  of  650-800  °C.  (b)  Nyquist  plots  of  impedance  data  measured  at  open  circuits. 


were  0.18,  0.22,  0.30  and  0.45  Q  cm2  at  800,  750,  700  and  650  °C, 
respectively. 

In  order  to  determine  the  respective  polarization  resistances  of 
the  SFMO— LSGM  composites  for  hydrogen  oxidation  and  oxygen 
reduction  reactions,  electrochemical  impedance  spectroscopy  (EIS) 
measurements  were  performed  on  the  symmetrical  fuel  cells  that 
were  exposed  to  a  uniform  atmosphere  of  97%  H2-3%  H20  or  dry 
air.  Note  that  these  EIS  data  should  be  cautiously  correlated  with 
the  performance  for  functional  symmetric  fuel  cells  that  are 
exposed  to  asymmetric  gases,  but  do  provide  an  effective  measure 
of  the  catalytic  activities  of  the  electrodes  for  the  electrochemical 
reactions.  Representative  Nyquist  plots  of  the  EIS  data  at  750  °C  are 
shown  in  Fig.  3a  for  symmetrical  cathode  fuel  cells  in  dry  air  and  in 
Fig.  3b  for  symmetrical  anode  fuel  cells  in  humidified  hydrogen. 
The  cathode  polarization  resistance  was  Rptc  =  0.05  Q  cm2,  similar 


Re  (Z)  (Qcm2) 


Re  (Z)  (Qcm2) 


Temperature  (°C) 


Fig.  3.  Representative  impedance  spectra  measured  at  750  °C  for  the  symmetrical  fuel 
cell  in  (a)  97%  H2-3%  H20  and  (b)  dry  air  at  100  seem,  (c)  The  ohmic,  anode  and 
cathode  polarization  resistances  plotted  versus  inverse  temperature. 


X.  Meng  et  al.  /  Journal  of  Power  Sources  252  (2014)  58-63 


61 


to  the  value  observed  for  the  Lao.sSro.2Fe03  (LSF)  impregnated  YSZ 
composites  at  the  same  temperature  [15].  Such  a  small  ftp,c  value 
also  indicated  that  the  presence  of  minor  SrMo04  impurities  in  the 
SFMO  coatings  did  not  substantially  affect  the  catalytic  activity  of 
impregnated  SFMO-LSGM  composite  for  oxygen  reduction  re¬ 
actions  [10].  Fig.  3b  shows  that  the  anode  polarization  resistance 
was  ftp, a  =  0.25  Cl  cm2  at  750  °C,  which  was  comparable  to  values  for 
the  commonly  used  Ni-YSZ  cermet  anodes  that  showed 
ftp, a  =  o.l  Q  cm2  under  similar  conditions  [16,17]. 

The  above  results  indicated  that  the  impregnated  SFMO-LSGM 
composites  performed  well  as  the  symmetrical  electrodes  at 
reduced  temperatures.  Note  that  the  common  micron-scale  SFMO 
electrodes  showed  much  larger  polarization  resistances  under 
comparable  conditions,  e.g.,  ftp,A  =  0.45  Q  cm2  in  hydrogen  and 
ftPC  =  0.65  Q  cm2  in  air  at  750  °C  9].  Alternative  symmetrical 
electrodes  are  required  to  work  at  higher  temperatures  in  order  to 
achieve  similar  catalytic  activities  and  yield  comparable  polariza¬ 
tion  resistances,  e.g.,  ftP,A  =  0.30  O  cm2  and  ftP,c  =  0.18  Q  cm2  at 
950  °C  for  Lao.75Sr0.25Cro.5Alo.503_5  electrodes  on  the  LSGM  elec¬ 
trolytes  [18],  ftp, a  =  0.18  Q  cm2  and  ftP,c  =  0.09  Q  cm2  at  950  °C  for 
LSCM-YSZ  electrodes  on  the  YSZ  electrolytes  [13],  ftp, a  =  1.4  Cl  cm2 
and  ftpc  =  0.25  Q  cm2  at  800  °C  for  Lao.yCat^Cro.sMno.sC^  elec¬ 
trodes  on  the  YSZ  electrolytes  [19].  The  superior  electro-catalytic 
activities  of  the  present  SFMO  impregnated  LSGM  composites  can 
be  ascribed  to  the  dramatically  increased  number  of  active  sites  for 
both  hydrogen  oxidation  and  oxygen  reduction  reactions  as  well  as 
the  important  mixed  ionic  and  electronic  conducting  behaviour  of 
SFMO  as  enabled  by  the  strong  hybridization  of  the  Fe  d  and  O  p 
states  [20,21  ]. 

The  ftp, a  and  ftp,c  values  at  varied  temperatures  are  summarized 
in  Fig.  3c  together  with  the  ohmic  resistances  (ft0)  as  obtained  from 
the  high-frequency  real-axis  intercepts  in  Fig.  2b,  showing  that  the 
anode  polarization  was  the  dominant  loss  while  the  cathode  po¬ 
larization  was  almost  negligibly  small.  With  temperature 
decreasing  from  800  °C  to  650  °C,  the  ftP,A  value  increased  from 
0.22  Cl  cm2  to  0.62  Cl  cm2,  and  the  ftp,c  value  increased  from 
0.035  Cl  cm2  to  0.13  Cl  cm2.  Note  that  the  ohmic  resistances  in  Fig.  3c 
were  larger  than  expected  values  (ftpO  for  a  15  pm-thick  LSGM 
electrolyte  based  upon  the  measured  ionic  conductivities,  e.g., 
ft0  =  0.13  Cl  cm2  versus  ftEL  =  0.017  Cl  cm2  at  750  °C.  Given  that  the 
current  collection  losses  in  the  present  four-probe  testing  setup 
were  typically  small  (~0.03  Cl  cm2)  [22],  such  large  differences 
between  ft0  and  ftEL  indicate  that  there  were  additional  contribu¬ 
tions  from  the  SFMO-LSGM  electrodes  due  to  insufficient  electrical 
conductivities  for  SFMO  catalysts,  especially  in  hydrogen  atmo¬ 
spheres  [23].  This  conclusion  was  further  supported  by  the  obser¬ 
vation  that  a  symmetrical  fuel  cell  impregnated  with  more 
conductive  Sm0.5Sr0.5CoO3_(5  coatings  at  a  similar  loading  yielded  a 
much  smaller  ohmic  resistance  of  0.067  Cl  cm2  at  750  °C  [22,24]. 
These  results  suggest  that  optimizing  the  current  collection  to 
compensate  the  relatively  low  electrical  conductivities  of  SFMO 
catalysts  would  undoubtedly  increase  the  fuel  cell  power  densities. 

As  shown  in  Fig.  3a  and  b,  the  Nyquist  plots  in  both  hydrogen 
and  air  consist  of  two  depressed  arcs  centred  at  0.2—2  kFIz  and  0.4— 
4  FIz,  respectively.  Prior  reports  showed  that  the  higher-  and  lower- 
frequency  arcs  in  air  are  respectively  associated  with  ionization  of 
adsorbed  oxygen  atom  and  non-dissociative  adsorption  of  gaseous 
oxygen  on  the  SFMO  catalysts  [10].  In  order  to  gain  insights  into 
hydrogen  oxidation  kinetics  on  the  impregnated  SFMO-LSGM 
composites,  impedance  data  for  symmetrical  anode  fuel  cells  in 
humidified  hydrogen  were  fitted  using  the  equivalent  circuits 
LR0(RQ)h(RQ)l,  where  L  was  the  conductance  due  to  connecting 
wires,  ft0  was  the  pure  ohmic  resistance,  fth  and  R\  were  the  po¬ 
larization  resistances  whereas  Qh  and  Qi  were  the  constant  phase 
elements  associated  with  the  higher-  and  lower-frequecy  process, 
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Fig.  4.  Temperature  dependence  of  the  higher-  and  lower-frequency  arcs  for  imped¬ 
ance  spectra  in  humidified  hydrogen  fuels.  The  equivalent  circuits  L1?0(1?())h(KQ)l  was 
used  to  fit  the  impedance  data  at  varied  temperatures. 


respectively.  Fig.  4  shows  the  resulting  fth  and  fti  values  as  a  function 
of  temperature.  As  previously  observed  for  oxygen  reduction  on 
symmetrical  cathode  fuel  cells,  the  higher-frequency  arc  for 
hydrogen  oxidation  also  followed  an  Arrhenius  dependence  while 
the  lower-frequency  arc  remained  almost  unchanged  with  tem¬ 
perature.  Furthermore,  the  activation  energies  for  ftn  were  almost 
the  same,  0.96  ±  0.02  eV  for  hydrogen  oxidation  versus 
0.98  ±  0.04  eV  for  oxygen  reduction  [10].  Therefore,  the  higher- 
frequency  arc  might  be  correlated  with  the  same  physical  process 
occurring  in  both  the  anode  and  the  cathode,  which  is  probably  the 
charge  transfer  reaction  along  the  SFMO/LSGM  interfaces  [10].  On 
the  other  hand,  the  temperature-independent  lower-frequency  arc 
is  likely  related  to  hydrogen  adsorption  on  the  catalysts.  These 
conclusions  were  further  supported  by  hydrogen  partial  pressure 
dependence  of  these  two  arcs  as  shown  in  Fig.  5,  where  the  higher- 
frequency  arcs  changed  little  with  hydrogen  partial  pressure  and 
stayed  almost  constant  around  0.13  Q  cm2  while  the  lower- 
frequency  arc  increased  dramatically  from  0.15  Q  cm2  at  1  atm  to 
0.41  Q  cm2  at  0.10  atm.  Comparison  of  the  fth  and  fti  values  in  Fig.  4 
indicates  that  hydrogen  oxidation  kinetics  on  the  impregnated 
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Fig.  5.  Nyquist  plots  of  impedance  data  for  the  symmetrical  fuel  cells  in  humidified 
hydrogen  fuels  balanced  by  nitrogen.  The  equivalent  circuits  LRq(RQ)h(RQ)i  was  used  to 
fit  the  impedance  data  at  varied  hydrogen  partial  pressures. 
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Fig.  6.  Voltage  and  power  density  versus  current  density  for  a  symmetrical  fuel  cell 
measured  at  800  °C  in  6%  iso-octane  fuels  balanced  by  nitrogen  at  100  seem  and  dry  air 
at  100  seem. 

SFMO-LSGM  composites  was  dominated  by  hydrogen  adsorption 
at  high  temperatures  and  charge  transfer  at  low  temperatures. 

In  order  to  evaluate  the  tolerance  of  the  impregnated  SFMO- 
LSGM  composites  toward  coking  formation  at  elevated  tempera¬ 
tures,  the  symmetrical  fuel  cells  were  also  measured  with  heavy 
hydrocarbon  fuels.  Fig.  6  shows  the  cell  voltages  and  power  den¬ 
sities  as  a  function  of  current  densities  for  the  present  fuel  cells 
operating  on  6%  iso- octane  balanced  by  nitrogen  at  800  °C.  The  OCV 
value  was  —1.0  V  and  the  maximum  power  density  was 
0.389  W  cm-2,  which  is  comparable  to  previously  reported  values 
for  copper-ceria-cermet  anode  fuel  cells  operating  on  propane, 
dodecane  or  diesel  fuels  [12].  Since  gas  leakage  through  the  sealing 
was  excluded  based  upon  good  agreement  between  the  experi¬ 
mentally  observed  OCV  values  shown  in  Fig.  2  and  the  thermody¬ 
namic  predictions  for  hydrogen  fuels,  the  relatively  low  OCV  value 
for  iso- octane  fuels  seemingly  indicated  that  partial  oxidation  re¬ 
actions  might  be  substantial  in  the  anodic  oxidation  process,  as 
previously  observed  for  electrochemical  oxidation  of  propane, 
butane  and  diesel  on  the  copper  cermet  anodes  [12,25].  Although 
extended  long-term  tests  would  be  more  relevant,  some  pre¬ 
liminary  results  in  Fig.  7  showed  that  stable  power  output  can  be 
well  maintained  at  a  current  density  of  0.4  A  cm-2  at  800  °C,  which 
was  smaller  than  in  Fig.  6  due  to  cell-to-cell  difference.  These 


Fig.  7.  Stability  of  the  symmetric  fuel  cell  operating  at  800  °C  on  iso-octane  fuels  and 
air  oxidants. 


results  demonstrate  that  the  SFMO-LSGM  composite  electrodes 
can  provide  superior  resistance  toward  coking  formation  at 
elevated  temperatures. 

4.  Conclusions 

In  summary,  we  fabricated  nominally  symmetrical  solid  oxide 
fuel  cells  that  are  based  upon  tri-layer  structures  of 
porous  | dense  |  porous  LSGM  with  nano-scale  SFMO  catalysts 
simultaneously  impregnated  onto  the  internal  surfaces  of  both 
porous  LSGM  backbones.  Unprecedently  high  power  densities  were 
achieved  in  hydrogen  fuels,  e.g.,  0.97  W  cm-2  at  800  °C.  Impedance 
measurements  indicated  that  the  resulting  SFMO-LSGM  compos¬ 
ites  exhibited  larger  polarization  resistances  in  hydrogen  than  in 
air,  i.e.,  0.22  versus  0.04  Q  cm2  at  800  °C.  Analysis  on  hydrogen 
partial  pressure  and  temperature  dependence  of  impedance  data 
indicated  that  hydrogen  adsorption  on  the  SFMO  catalysts  and 
charge  transfer  reactions  along  the  SFMO  | LSGM  interfaces  were  the 
rate-limiting  step  for  hydrogen  oxidation  reactions  on  the 
impregnated  SFMO-LSGM  composites  at  high  and  low  tempera¬ 
tures,  respectively.  Furthermore,  the  impregnated  SFMO-LSGM 
composites  exhibited  good  carbon  tolerance  in  iso- octane  fuels, 
enabling  maximum  power  densities  as  high  as  0.39  W  cm-2  at 
800  °C. 
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